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Abstract

The influence of weakly coordinating anions with different shapes and substituents has been studied to get the overoxidation resistance limit of
the material, ORL. The anions utilized are derivatives of [Co(C3BoH 1)2]", [B1oH;»]*~ and [B;,H;NH5] . The following tendencies have been
established (1) boron cluster monoanions are to date the anions that offer the highest stability to overoxidation of PPy doped materials (2) the ORL
stability of the material can not be attributed only to the shape of the cluster (3) monoanionic clusters are far superior than dianionic to get an ORL
rise (4) cluster charge density reduction results in ORL rise as has been observed in [Co(C,BoH| )]~ after incorporation of electron-withdrawing
substituents with no electron back-donation (5) globular, rigid and large monoanions are less suitable for enhanced ORL values than elongated and
non-rigid species (6) adequate anion’s substitution produce a rise in the ORL of the material, thus polyether side-arms are beneficial with
[Co(C,BgH )], whereas, T-shaped methylaryl groups are appealing in [B;,H;;NH;]  based materials, respectively, (7) substituents on the
anions usually imply higher difficulty in the materials’ growth. The high boron contents in these materials has permitted to learn on the fate of the
doping anions during the overoxidation process. There is a built-up of the concentration of the doping anion in the electrolyte near surface area,

whereas, a depletion is observed in the nearest inner layers.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since their discovery 25 years ago, the development of
conducting organic polymers (COP) combining organic
polymer and semi-conducting electronic properties continues
unabated [1,2]. Polypyrrole is one of the COPs most widely
investigated regarding its potential applications [3] especially
in sensors [4,5], actuators [6—8] or as electrochromic devices
[9] among others. Polypyrrole materials (PPy) are reasonably
stable in air, present high conductivity, good electrochemical
properties and thermal stability and are easily generated both
chemically and electrochemically [10]. For practical
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applications, long-term stability of the material towards
repetitive oxidation/reduction cycling or towards exposition
to high anodic potential for short periods of time is of primary
interest. The PPy chemical stability limit is known to be related
to the overoxidation resistance limit (ORL) of the material,
beyond which the conducting material properties are definitely
lost [11,12]. It is generally accepted that during the PPy
degradation process, nucleophiles usually attack the polymer
double-bond alternating system, generating carbonyl groups,
and producing the loss of the conductivity [13-16]. In the PPy
electropolymerization, anions from the solution are inserted
into the polymer matrix to maintain the material’s electro-
neutrality, neutralizing the positive charges generated on the
oxidized polymer threads [3]. Therefore, the nature of the
counter-ion used in the electropolymerization and the applied
experimental conditions play a very important role in the
resulting properties of the PPy films [17-19]. In the search for
new properties, many investigations have been conducted on
polypyrrole doped with different anions such as [C104] ™~ [20],
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Chart 1. [Co(C,BoH11)-]1 7, [1]™ and its derivatives [2]—[7] . All plain vertexes are BH units. Vertexes simply named C stand for CH.

[BF4] ™ [21], [PFg] ™ [22], [NOs] ™ [23], [Cl] ™ [23], surfactants
[24] and even with unusual counter-ions like heteropolyanions
[25] such as [SiW12040]47 or phosphotungstate [26]
[PW12040]37, among others. Weakly coordinating anions
provide interesting properties in the fields where they are
applied [27]. In particular weakly coordinating anions based on
boron clusters have been successfully applied in many areas
[28]. With the objective to study the convenience of using
weakly coordinating anions derived from borane clusters in
COPs we initiated the study on PPy [19,29]. Boron clusters
appear to be very appropriate for this task due to their
compact but not globular shape, the existence of exo
hydride groups, and their low charge density. Interestingly
[CB 1 H2] , the paradigm of the weakly coordinating
carborane anions did not provide improved results with
regard to conventional anions. Indeed [CB;H;,] and
[B10C110]27 PPy doped materials gave ORLs up to 1090
and 890 mV vs. Ag/AgCl (10% KCl), respectively, values
that are comparable to other data reported for common
anions [29]. A definitive improvement in the ORL of PPy
was found with the cobaltabisdicarbollide metallacarborane
(Chart 1, [1]7). This anion of formula [Co(C,BgoH;),] ™
leads to a PPy material with an ORL of 1270 mV,
practically 300 mV higher than previously studied PPy
doped materials [19]. It is our interpretation that the
elongated shape of [Co(C,BgH;;),] , its low charge density
and the spatial distribution of electron rich B-H groups
which are hypothesized to interact with PPy positive
charges should certainly be determinant in increasing the
ORL. In this report we are presenting a thorough study of
derivatives of [Co(C,BoH ;)] and the dinegative cluster
[B12H12]27, [8]27, see Charts 1 and 2, to substantiate the
above explanations in the unusual stabilization caused by
[1]7. These studies are complemented with monoanionic
amino derivatives [30] of [8]2_, Chart 2, in which there
exists a dinegative cluster with a diffuse charge and a
monopositive tail with hydrophobic groups.

These investigations emphasize the relevance of the B—H
containing anions in enhancing the ORL of the PPy materials.
Important improvements of the ORL values have been observed
with the two series of borane anions studied, derivatives of

[Co(C5BoH11),] and [B;,H;;NH;3] . Divalent borane anions
do not improve the ORL. Electronic effects in the sense to remove
electron density from the cluster are proven to be relevant.
Flexible side chains have produced the most overoxidation
resistant materials for [B,H;;NH3]  derivatives, whereas,
polyether side chains have produced the best in the [Co(C,Bo.
H;),]  series. By XPS analysis assisted with Ar sputtering it has
been possible to demonstrate the depletion of doping anions in
inner regions of the material and the accumulation in near surface
areas for PPy materials oxidized near the ORL of the material.

2. Experimental section
2.1. Chemical and reagents

Pyrrole was purchased from Aldrich, distilled under
reduced pressure before its use and stored under nitrogen at
0°C in dark. The cobaltabisdicarbollide derivatives NMey[3,
3/-CO(1-C6H5-1,2-C2B9H10)2] (NMC4[2]) [31], NM64[8,8/-
r(1",2"-CgHy)-3,3"-Co(-1,2-CoBoH,0)2] (NMey[3]) [32], Cs[3,
3'-Co(8-(1"-(4"-C4Hy)-CsHa)-1,2-C,BoH 0)(1',2'-C2BoH )]
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Chart 2. [BoH;,]2 7,185, and its derivatives'5 —[13] . All plain vertexes are
BH units. Vertexes with a dark circle correspond to BI.
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(CS[4]) [33], CS[3,3/-CO(8-(C2H4C6H5)-1,2-C2B9H]0)(1/,2/-
C,BoH; )] (Cs[5]) [33], Na[3,3'-Co(8-(OCH,CH,),OCH;-1,
2-C2B9H10) (1/,21-C2B9H11)] (Na[6]) [34], Na[3,3/-CO(8-
(OCH,CH,)30CH3-1,2-C,BoH )(1,2'-C5BoH ;)] (Na[7])
[34], were synthesized as reported in the literature.
Cs[Co(C,BoH | 1)2] (Cs[1]) and Cs,[B,H;z] (Cs[8]) were
provided by Katchem Ltd, Prague. Salts of
[N(CH3)4l2[B12li2] (N(CH3)4[9]), [N(CH3)4][Bi2H;NH3]
(N(CH3)4[10]), Cs[N,N-1-((18-crown-6)CH,),NHB,H ]
(Cs[11]), Cs[1-(C¢HsCH,),HNB,H;;] (Cs[12]) and
[N(CH3)4][1-(C10H7CH2),HNB2H 1]  (N(CH3)4[13]) were
synthesized following reported procedures [30,35].

2.2. Electrosynthesis of the polymer films

Electrolyte solutions for polypyrrole film preparations
were deoxygenated by bubbling nitrogen gas during 10 min
before use. All electrochemical experiments were done using
an EG&G Princeton Applied Research model 273 A
potentiostat-galvanostat. Polypyrrole films were synthesized
from acetonitrile solutions (1% water) of 0.1 M pyrrole and
35X10"*M of the doping anion with a standard three-
electrode double compartment cell, on a 3 mm diameter
glassy carbon plate working electrode and a 10 cm platinum
wire as counter electrode. Polypyrrole films were grown
using both galvanostatic (at 0.5 mA during 225 s) and cyclic
voltammetry (at 100 mV/s from —1000 to 2000 mV, 30
scans) techniques. Potentials are reported with respect to
Ag/AgCl (0.1 M tetrabutylammonium chloride in CH3;CN)
reference electrode for the organic medium and Ag/AgCl
(10% KCI) for the aqueous medium. PPy/[8] and PPy/[10]
were electropolymerized in aqueous solution.

2.3. Electrochemical characterization

Polypyrrole ORL tests were carried out by Linear Sweep
Voltammetry (LSV) in a 0.1 M NaCl distilled water solution
in a single-compartment cell. Membranes were exposed to a
low voltage scan rate (0.5 mV s~ 0-1800 mV) after a
careful wash in CH;CN and then in distilled water. The
estimation of the ORL values was complemented with
cyclic voltammetry (CV) at 100 mV s~! from —1300 to
1000 mV in NaCl 0.1 M.

2.4. Scanning electron microscopy (SEM) and X-ray photo-
electron spectroscopy (XPS)

Samples were prepared on stainless steel plates (1 cm?)
at 3mA for 15 min with the solutions having the same
concentrations as specified above. An Hitachi S530 scanning
electron microscope was used to examine the PPy
morphology. For X-ray photoelectron spectroscopy analysis
a PHI ESCA-5500 assisted with argon plasma sputtering
was used.
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Fig. 1. Sequential cyclic voltammetry for the electropolymerization of PPy/[4]
in CH;CN at 100 mV s~ ! from — 1000 to 2000 mV. From the 2nd to the 30th
scan, every fourth is shown for a better clarity.

3. Results and discussion

3.1. Cobaltabisdicarbollide derivatives

3.1.1. Electrochemical growing properties of the doped
polypyrroles

A similar growth behavior was observed for all PPy/[1]-[7]
materials irrespective of the synthetic procedure, either
galvanostatically or by CV methods. Differences are found,
in the latter method, for the intensity data. The PPy/[4] CV
trace growth after thirty sequential scans is shown in Fig. 1, as a
representative example.

For all PPy/[1]-[7] synthesized by CV, the first anodic
scan show a strong wave with an onset potential
corresponding to the pyrrole ring oxidation. A fact of
notice is that not-so-well defined anodic and cathodic peaks
in the CVs as for the derivatives of [1]~ are observed when
common doping anions such as [ClO4] or [PFe]™ are
used.

Fig. 2 displays the CV intensity of the anodic peak vs. the
number of scans for PPy/[1]-[7]. A higher intensity is obtained
after each new scan, but the increase depends on the side
groups on [1] . The highest speed of growth is found with PPy
doped with [1] ", followed by [4]  and [S] ™ then by [2]  and
[3] - The materials with less tendency to grow are these with
doping anions [6]  and [7] , their growth is one order of
magnitude smaller than for PPy/[1]. This last result is in
agreement with PPy/[3,3’-Co(8-C4H,N—(CH,),~O—(CH,),—O-

. PRy/[]
PPy/[4]
PPy/[2,3]
PPy/[6,7]

0 4 8 12 16 20 24 28
number of scans

Fig. 2. Anodic wave current intensity vs. number of scans for PPy/[1]-PPy/[7].
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1,2-C,BoHp)(1',2'-C5BgH, )], a self-doped copolymer [36]
whose current intensity was far from the normal [1]~ doped
material. From Fig. 2 it is then observed that sets of materials
can be arranged depending on the substituents on [1] .

3.1.2. Relationship between overoxidation stability and the
structure of the doping anions

Three major differences are found in the anions shown in
Chart 1. In complex [2] ~ substituents are on C, thence there are
as many B—H sites available as in [1] . In complex [3] ", the
benzene substituent blocks two boron positions, producing two
B-H sites less than in [1]™. Finally, complexes [4] —[7]
have the substituent on one boron, then having one B—H less
than in [1] . It is to be noticed that the boron on which the
substitution takes place in [4] —[7] corresponds to the
electron richest B—H site in [1] . Besides these electronic
considerations complexes [1]™ —[7]" evidence shape differ-
ences. In this regard, complexes [2] and [3]  are more
globular than the other. As a last consideration, complexes
[6] and [7]  incorporate oxygen donor atoms as a possible
binding group of cations.

Overoxidation measurements were made by the LSV
technique in NaCl 0.1 M and are displayed in Fig. 3 for all
PPy/[1]-[7] materials. The LSV peak for PPy/[1] at 1270 mV
sits in the middle of the different LSV traces. The rigid [2]
and [3]" dopants produce less overoxidation resistant
materials, with LSV peaks at 1210 and 1150 mV, respectively.
Compound [4]™ produces equal ORL than [1]™ at 1270 mV.
Finally, PPy/[5], PPy/[6], PPy/[7], present ORL values at 1330,
1410, 1450 mV, respectively. The PPy/[7] potential shift value
of 180 mV vs. PPy/[1] implies that [7]  is the most
overoxidation stabilizing anion tested in our experimental
conditions and reported so far in the [Co(C,BoH;;),] " family.
The structural differences in the tested anions may provide
some hints on the reasons for this different behavior. Before
starting a comparative discussion we feel necessary to outline
some characteristics of [1] . This anion has a rigid cylindrical
shape with the longer axis being 10.2 A, this value is given
including the two most opposite hydrogen atoms and is
comparable to the near 12 A expected for the PPy bipolaron.

I 0.1 mA

3) 2 (C)) )
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I(A)

0 02 04 06 08 1 1.2 14 16 18
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Fig. 3. Overoxidation current vs. applied potential for PPy/[1]-PPy/[7].

Additionally it has a three-dimensional disposition of the BH’s
and cation/BH interactions have been described in the literature
[37-39] involving different BH sites. A possible consequence
of this is that PPy positive charges interact with cluster BH
bonds, thereby increasing the overoxidation capacity of the
material. This explanation seems reasonable taking into
account that when several BH positions are substituted as is
the case for [Co(C,BoHgX5),] ~, X=CI, Br, less overoxidation
resistant materials are found [29].

The fundamental characteristics of [1] are also present
in [2]7—[7]". This explains why the electrochemical
properties of the different materials are close to these
found for PPy/[1]. However it seems clear that large and
rigid volume fragments, e.g. aryls, are non-desirable.
Conversely less rigid alkyl or alkoxy groups such as these
in [5] —[7] improve the overoxidation performance of the
materials. An alternative electronic explanation can also be
given in the aim to benefit from a low charge density anion
[19]. Aryl groups withdraw electron density from the cluster
but at the same time compensate this lost by electron back-
donation [33]. Other chains, even the alkyl one when
bonded to boron, only remove electron density from the
cluster producing an anion with even less electron density.
That [3]" should be the worst doping anion seems clear
from the above explanations: it is rigid, would be the one
with the highest electron density and is the one that has less
B-H units. Anion [2]~ is the one that stresses better the
negative influence of radial rigid groups. It has the same
characteristics as [1]~ but incorporates two phenyl groups
on cluster carbon atoms. Compounds [4]  —[7] present the
same geometrical characteristics, but differ on the sub-
stituents. One of the dicarbollide fragments in the
complexes is free of substituents while the second moiety
is substituted at the B(8) position. Differences between PPy/
[5] and PPy/[7] ORL values can arise from the electron-
withdrawing strength of the chain substituents, the coordi-
nating capacity of oxygen atoms and the chain lipophilicity.
Anions [5] —[7] which have a similar side chain seem to
suggest that the possibility of metal coordination by the
oxygen atoms may be a desirable property. Indeed PPy/[6]
and PPy/[7] present the best overoxidation resistant
materials. The alkoxy organic groups of complexes [6]
and [7]  could either participate in the compensation of the
PPy positive charges by electrostatic interactions or in
regulating the mobility of cations within the material in a
similar way as oxygen atoms do in [3,3’-Co(8-X-
(CH2CH2O)2-1,2-C2B9H1())(1’,2/-C2B9H11)] Coordinating to
Na or hard cations [34,40-42]. As a further evidence of the
relevance of having anions with weaker charge density, we
have tested [3,3’-Co(8-CHj3)-1,2-C,BoH;0)(1/,2'-C,BoH;1)] ™
[36]. In this anion the side chain is shorter than in [5] . If
the electronic factors, but not the steric, are the dominant
ones, similar ORLs would be found for PPy/[3,3’-Co(8-
CH3)-1,2-C2B9H10)(1/,ZI-C2B9H11)] and PPy/[S] Indeed this
is what is observed: ORL values of 1.34 and 1.33V are
measured.
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Fig. 4. SEM images of electropolymerized PPy/[3] (A) and PPy/[7] (B).

3.1.3. Electron microscopy observation

Fig. 4 shows micrographs of the best and the worst
overoxidation resistant materials, PPy/[7] (Fig. 4(B)) and
PPy/[3] (Fig. 4(A)). A micrograph of PPy/[1] has already
been reported [43]. As observed in the Fig. 4(A) more
homogeneous surface is observed for PPy/[7] than for PPy/
[3]. This could be an structural consequence of the higher
difficulty to produce a compact arrangement caused by the
large and rigid anion [3] .

3.2. Dodecaborates derivatives

In the aim to apply the results drawn from derivatives of
[1]™ to other anions not having the same shape we have chosen
anions [8] —[13] " as doping elements for other PPy materials.
See Chart 2. As an important feature these anions also
incorporate B—H groups. For the [8]27—[13] ~ anions two main
classifications can be produced: one that accounts for the
charge which includes [8]2_—[9]2_ as divalent anions and
[10]—[13] as monoanions, and a second set that accounts for
large bifurcated substituents. In the latter, one set includes
[8]2_—[10]_ and the second [11] —[13] . Following the
conclusions drawn from the derivatives of [1] ", the divalent
anions, including the bulky [9]°”, should produce less
overoxidation resistant materials than the very similar
monovalent partners. On the other hand it was expected that

I

Fig. 5. Overoxidation current vs. applied potential for PPy/[8]-PPy/[13] and
PPy/[1] for comparative purposes.

the behavior of the bifurcated anions would be comparable to
the one observed for PPy/[5]-[7]. Synthetic protocols are as
indicated in Section 2.

3.2.1. Tests based on LSV experiments

Overoxidation measurements by LSV for PPy/[1] and
PPy/[8]-[13] are reported in Fig. 5. Whereas, the LSV traces
for PPy/[8]-[10] are similar to these for the derivatives of [1]
those for PPy/[11]-[13] are very different. For comparative
purposes the LSV for PPy/[1] has been also included in Fig. 5.
As predicted PPy/[8]-[9] are materials with low ORL values.
Notwithstanding so the importance of charge delocalization
and charge density makes their ORL values comparable to
common monovalent anions. In this way ORL values of 910
and 960 mV have been measured. For PPy/[10], the mono-
valent nature of the anion raises the ORL to 990 mV. It is
noticeable from Fig. 5 the non-symmetric shape of the trace for
PPy/[8] and PPy/[10], that corresponds to the two PPy
materials obtained by electropolymerization in aqueous
solution. It seems that the polymer starts at lower potentials
their decomposition as a consequence of they having being
prepared in water, producing a higher porosity and weaker
materials [3,44]. PPy/[9] is the unique one that displays a
quasi-symmetrical typically observed [19] well-defined peak.
Less informative are the LSV traces for PPy/[11]-[13], PPy/
[11] being the only one that resembles the typical shape found
for PPy/[1]. For PPy/[11] the measured ORL value is at
1150 mV. For PPy/[12] the trace is totally different, showing a
sudden but not intense rise in intensity near 900 mV. A similar
trace had been observed for cobaltabisdicarbollide self-doped
copolymer [36]. This is interpreted as if the material, contrarily
to PPy/[1] or their derivatives, does not have a sudden
degradative process. The degradation process extends over a
larger range of potentials.

3.2.2. Tests based on uptake-release of cations

As the LSVs for PPy/[12] and Ppy/[13] were not providing
any clue concerning the ORLs of these materials, tests based on
the uptake-release of cations were conducted. The electro-
activity of a PPy/[X] material doped with a non-extrudable
anion can be measured observing its capacity to incorporate
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Fig. 6. Cyclic voltammograms of PPy/[1] (i), PPy/[11] (ii), PPy/[12] (iii) and PPy/[13] (iv) in NaCl (0.1 M) after anodic treatment at: (a) E=500 mV,
(b) E=1100mV, (c) E=1700 mV. The (c) trace is not represented for PPy/[1] and PPy[11] due to a flat signal at 1700 mV.

cations during the reduction process of the material, and its
capacity to liberate them during the oxidation. If a material is
insulted with increasing oxidizing potentials there will be one
such that the electroactivity of the material will be banned. The
minimum insulting voltage at which this banned process takes
place corresponds to the ORL. To perform these studies several
samples of the PPy/[X] material must be produced and each
one should be treated to a determined insulting potential, E.
For PPy/[12] several electrodes have been prepared and
exposed each one up to an oxidizing insulting potential by
means of a LSV process, the studied voltages range from 500 to
2100 mV. After subjecting the material to a specified E,x, a CV
experiment is performed to test its cation exchange capacity.
With no exception, the ability to uptake/release cations in an
oxidizingly insulted membrane is less than in a just synthesized
one. CV ion exchange voltammograms for different PPy/[12]
electrode samples treated at 500, 1100, and 1700 mV, are
presented in Fig. 6. With an increasing E,y, a gradual decrease
of both anodic and cathodic peak intensity is observed. When
one PPy/[12] electrode is LSV treated up to a potential of
1700 mV, the intensity value of the CV cathodic semi-cycle
decays to 50% of the maximum measure for an electrode
insulted to 500 mV, but the activity of the material is still
reasonable. When the LSV oxidizing tests are extented up to
1900 and 2100 mV, a dramatic drop in the cathodic and anodic
intensity is found and completely flat CV curves are observed,
consistent with a totally overoxidized, therefore non-recover-
able material. The PPy/[12] ORL can be estimated to be near
1800 mV (Fig. 6 iii for PPy/[12]). The LSV plot shown in
Fig. 5 for PPy/[13] is intermediate between this for PPy/[11]
and PPy/[12]. The PPy/[13] ORL is estimated to be 1800 mV.
Therefore, both [12] and [13] are the most stabilizing anions

tested so far for PPy overoxidation, including the successful
[1]. CV’s for PPy/[1] and PPy/[11]-[13] are represented in
Fig. 6 after anodic LSV treatment up to 500, 1100 and
1700 mV. The axes are equal for a better comparison. The
results after treatment up to 1700 mV are not shown for PPy/
[11] or PPy/[1] because at these potentials the responses are flat
due to total material degradation.

3.3. What is happening in the overoxidation process?

The anions [1]™—[7]  and [11] —[13] " have produced the
PPy materials more resistant to overoxidation reported so far.
Why is so? All of them have in common the existence of large
number of B—H units in their molecules. Also, the ratio of B/C
is very high in the materials generated, therefore there is a large
number of B—H units per unit of pyrrole. As an example the
composition of the PPy/[1] contains 4.5 B—H units per pyrrole.
This ratio decreases for the [B,H;,]*~ derivatives to 3 B-H
units per pyrrole but is still very high. This high ratio, and
taking into account that no other anions have been reported that
produce materials with such high ORLs, leads us to
hypothesize that hydrides stabilize the moving polarons and
bipolarons. The bulk composition obtained by X-ray photo-
electron spectroscopy studies performed on the polymer
PPy/[1] and on the copolymer PPy/[A] (A=[3,3'-Co(8-
C4H4N—(CH),-O—~(CH,),-0-1,2-C;BoH,0)(1',2'-C;BoH 1)1 )
correspond to a ratio of Py to [3,3'-Co(1,2-CoBoH,(),] of
4.34 [19,36]. In order to ascertain if the chemical structure
and/or the charge of the doping anions [8]-[13] would
influence on the doping efficiency of the PPy materials, XPS
analysis on the polymers PPy/[12] and PPy/[13] were done. A
ratio of Py to anion near 6.0 was obtained. On the other hand
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the large number of boron atoms in these PPy materials have
permitted to study for the first time the in-depth distribution of
the anion in the material by XPS analysis [19]. We can benefit
from this large ratio of B and from this technique to get a
picture of what happens during the overoxidation.

The most obvious consequence of a PPy material doped
with a non-extrudable anion when it has been subjected to high
insulting anodic potentials is the loss of cation capture and
cation release capacity in the CV experiment. At the limit a flat
response is obtained. Therefore this test tells on the good health
of the material after the anodic processing. The course of losing
response is not abrupt but gradual. Subjecting a material to
higher insulting anodic potentials produces a gradual decrease
in the cyclic voltammetry cathodic peak Ipc, change that is also
observed in the Ipa. These are the more obvious phenomen-
ological consequences of the overoxidation, but what are the
material’s intrinsic details of such a process? We have studied
the chemical composition depth profile of plain, anodically
processed, and overoxidized samples of PPy/[12] and PPy/[13]
by XPS analysis of generated new layers obtained with the
assistance of argon plasma sputtering. The carbon and boron
profiles for PPy/[12] are represented in Fig. 7(a) for non
insulted material and in Fig. 7(b) for an insulted material up to
the overoxidation potential. Oxygen profile is not represented
in Fig. 7 although oxygen possibly as H,O is present
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Fig. 7. Depth Atomic percentage profile of PPy/[12] in unaltered material (a),
and after anodic insult to 1800 mV (b). Carbon (C) and boron (B) profiles are
shown. Boron profile in curve (b) shows two different regions: in the inner
layers region (horizontal stroke) Boron atomic concentration is lower than the
expected for an homogeneous overoxidized film, whereas, layers close to the
surface (vertical stroke) show a higher concentration. This fact can be
understood as the movement of the doping anion during the overoxidation
process from the inner layers to the surface and in the case of PPy/[12], as a
result of its shape, an accumulation of [12]~ happens.
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Fig. 8. The doping anion fate in a gradually oxidized PPy material. The zig-zag
pattern stands for PPy threads. Full circles represent positions occupied by the
doping anions. The empty circles denote previously occupied positions and the
arrows indicate the trajectory to the new position.

homogeneously in the material in a ratio near 0.27 with regard
to boron. A minor oxygen built-up is found near the surface in
non-insulted PPy/[12]. This parallels an increase in the same
region of the doping agent evidenced by an increase in the
boron percentage, and consequently a decrease in carbon. The
carbon and boron profiles are much different in the insulted
material as seen in Fig. 7(b) where the outermost doping anion
built-up effect, represented as vertical lines, is so dramatic that
one layer of material is dominantly made up of anions and
water. Also in Fig. 7(b) is observed the draining of the doping
agent in the neighboring layers indicated by horizontal lines. A
similar situation is also observed for PPy/[13], although in this
case the built-up and draining zones are not as well defined as
for PPy/[12].

The whole overoxidation process seems to gradually
deplenish all layers of doping anions to produce a layer very
close to the surface constituted by the former anions and water
molecules, both probably associated through hydrogen bonds.
This process is diagrammatically shown in Fig. 8.

4. Conclusions

The following considerations come out of the result of this
research: (1) boron cluster monoanions are to date the anions
that offer the highest stability to overoxidation of PPy doped
materials. This is interpreted considering the high delocaliza-
tion of charge in there cluster species, and the large abundance
of BH hydride units, able to compensate the moving positive
charges in the PPy strands; (2) elongate, [Co(C,BoH;;),] ~, and
spherical [B12H12]2_ boron clusters have been utilized in this
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study, and the ORL stability of the material can not be
attributed to the shape of the cluster itself.; (3) monoanionic
clusters are far superior than dianionic in the ORL improve-
ment. Monoanionic derivatives of [B12H12]27 have been
obtained from derivatizations of [B;,H;NHs] ; (4) the
relevance of charge density reduction in the cluster for ORL
improvement has been observed in [Co(C,BoH;;),]™ by
incorporating electron-withdrawing substituents with no
capacity for electron back-donation; (5) globular, rigid and
large monoanions are comparatively less suitable for good
ORL values than elongated, and non-rigid species; (6)
improvement of the ORL stabilization capacity of a suitable
anion can be done by adequately choosing the substituents.
Polyether sidearms have been adequate for improving the ORL
in [Co(C,BoH; )], whereas, T-shaped methylaryl groups
have been found interesting in [B;,H;;NH3] ~ based materials,
respectively.; (7) extra ORL stabilization by adequate choice of
the substituent usually implies a higher difficulty in the
materials’ growth. The existence of a large ratio of boron in
these materials has permitted to get information by XPS
analysis supported by Ar sputtering on the fate of the doping
anions during the overoxidation process. A built-up of the
doping anion takes place in the electrolyte near surface area
and a depletion is observed in the immediate inner layers.
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